The Rho GTPase Cdc42 regulates cytoskeletal changes at the immunological synapse (IS) that are critical to T-cell activation. By imaging fluorescent activity biosensors (Raichu) using fluorescence lifetime imaging microscopy, Cdc42 activation was shown to display kinetics that are conditional on the specific receptor input (through two IS-associated receptors, CD3 and ␤1 integrin). CD3-triggered Cdc42 activity is dependent on the cyto-2 (NPIY) motif of the ␤1 integrin cytoplasmic domain. Perturbations of the ezrin-radixin-moesin (ERM) function blocked CD3-and ␤1-dependent increases in Cdc42 activity. Both IS-associated receptors probably lie on a serial molecular pathway and transduce signals through the ERM-dependent machinery that is responsible for the remodeling and stabilization of the synapse. Cdc42 activity is impaired in ␤1 integrin-deficient T cells that form conjugates with antigen-presenting cells but is partially restored in the context of an antigenspecific synapse. This restoration of Cdc42 activity is due, at least in part, to the recruitment and activation of ␤2 integrin.
The Rho GTPase Cdc42 regulates cytoskeletal changes at the immunological synapse (IS) that are critical to T-cell activation. By imaging fluorescent activity biosensors (Raichu) using fluorescence lifetime imaging microscopy, Cdc42 activation was shown to display kinetics that are conditional on the specific receptor input (through two IS-associated receptors, CD3 and ␤1 integrin). CD3-triggered Cdc42 activity is dependent on the cyto-2 (NPIY) motif of the ␤1 integrin cytoplasmic domain. Perturbations of the ezrin-radixin-moesin (ERM) function blocked CD3-and ␤1-dependent increases in Cdc42 activity. Both IS-associated receptors probably lie on a serial molecular pathway and transduce signals through the ERM-dependent machinery that is responsible for the remodeling and stabilization of the synapse. Cdc42 activity is impaired in ␤1 integrin-deficient T cells that form conjugates with antigen-presenting cells but is partially restored in the context of an antigenspecific synapse. This restoration of Cdc42 activity is due, at least in part, to the recruitment and activation of ␤2 integrin.
Our understanding of immune surveillance has been advanced by the discovery and characterization of the immunological synapse (IS) formed between T lymphocytes and antigen-presenting cells (APC). The formation of the immune synapse is known to involve the segregation of molecules, leading to (i) the formation of a central T-cell receptor (TcR)-peptide-loaded major histocompatibility complex (pMHC) cluster, known as the central supramolecular activation cluster (cSMAC); (ii) a peripheral adhesion ring junction (pSMAC) made up of adhesion molecules that include integrins (specifically LFA-1 [␣L␤2] and VLA4 [␣4␤1]) and adaptor proteins such as talin; and (iii) a distal zone rich in CD45 (16) .
Integrins are a family of heterodimeric transmembrane receptors that mediate cell-cell interaction, cell adhesion to extracellular matrix, and cell migration (reviewed in reference 25) . In migrating T lymphocytes, ␤1 integrins such as VLA4 were shown to cluster at the uropod/distal pole complex (DPC) (38) . DPCs are cytoskeletal structures in the retractile pole opposite the site of cell-cell contact in activated T cells. This is in contrast to LFA-1 integrins, which were clustered mainly in the leading pseudopodia of these migrating cells (62) .
During IS formation, critical interactions are made with the cytoskeleton. Evidence suggests that actin assembly at the cellcell interaction site is nucleated by the Arp2/3 complex and/or formins, following activation by Rho GTPases such as Cdc42 and Rac1 (16, 28) . In the context of the pSMAC, Rac1 and branched actin polymers have been identified in various models as being responsible for the formation of forward-probing membrane structures (15) . In T cells triggered by APC presenting low levels of antigenic peptides, Cdc42 and/or its downstream effector Wiskott-Aldrich syndrome protein (WASP) are involved in the recruitment of protein kinase C (PKC) and talin to the cSMAC and pSMAC, respectively (10) . In a recently published functional atlas of the integrin adhesome (65) , integrins are physically linked to actin through adaptors and binding proteins and are functionally associated with regulators of Rho GTPases (GTPase-activating proteins [GAPs] and guanine nucleotide exchange factors [GEFs]). They thereby can provide an intriguing intersection between cytoskeletal remodeling and adhesion controls at the IS. Understanding the molecular organization of the T-cell-APC interaction requires a detailed knowledge of the spatiotemporal relationship between the cytoskeleton, adhesion molecules, antigen receptors, and costimulatory receptors during different stages of the cell-cell contact.
Members of the ezrin-radixin-moesin (ERM) family of proteins play an important regulatory role during IS formation (18, 58) and T-cell activation by aiding the formation of the DPC, a structure that is essential for T-cell activation (reviewed in reference 15). In the context of lymphocyte signaling via the integrins, the cross-linking of ICAM-2 by LFA-1 has been shown to induce ezrin phosphorylation and enhance ezrin-ICAM interaction (49) . Ezrin also has been shown to cocluster with the TcR and PKC in anti-CD3-stimulated
The combined cell suspension then was centrifuged at 1,000 rpm for 5 min and then resuspended gently with Cytofix/Cytoperm (a fixative and permeabilization agent; BD Pharmingen) for 5 min at 4°C and washed twice with phosphatebuffered saline (PBS). For the LFA-1 blocking experiments, Raichu-Cdc42-transfected A1 and A1␤1-WT T cells were preincubated in the presence or absence of 10 g/ml anti-LFA-1 blocking MAb (MAb 38) for 45 min at 37°C, 5% CO 2 and then allowed to form conjugates with SEE-loaded or unloaded Raji APC as described above (the blocking anti-LFA-1 MAb was present at 10 g/ml throughout). Fixed cells were allowed to attach to poly(L)-lysine-coated chamber slides (Nunc) overnight at 4°C before mounting.
FRET determination by multiphoton FLIM. Time-domain FLIM was performed with a multiphoton microscope system comprising a solid-state pumped (8-W Verdi; Coherent), femtosecond self-modelocked Ti:Sapphire (Mira; Coherent) laser system, an in-house-developed scan head, and an inverted microscope (Nikon TE2000E) as described previously (50) . In the first instance, the presence/absence of FRET is monitored by the following equation: conventional FRET efficiency (FRET Eff) ϭ 1 Ϫ da / control , where da is the lifetime of GFP-Raichu-RFP and control is GFP-Cdc42/Rac1 lifetime measured in the absence of acceptor. Pixel-by-pixel lifetime determination was achieved using a modified Levenberg-Marquardt fitting technique (7) . For cases where sufficient reduction in the measured lifetime indicated FRET, an additional analysis was performed. Applying a biexponential fluorescence decay model and global analysis techniques to the data enables the determination of fluorescence lifetimes for spatially invariant noninteracting ( control ) and interacting ( FRET ) subpopulations and their preexponential factors (or relative concentration) on a pixelby-pixel basis (8) . The FRET population F 2 (see Fig. S2B in the supplemental material) is the fraction of interacting molecules that exhibit FRET according to the equation FRET 
RESULTS
Cdc42 is differentially activated via CD3 or ␤1 integrin, whereas Rac1 activity shows no significant difference between stimuli. To investigate the spatiotemporal dynamics of Rho GTPase activation in T cells activated by receptor-specific signals, we have reengineered original fluorescent activity biosensors (Raichu probes) (27) (27) . For unstimulated controls, we measured the GFP fluorescence lifetime of Raichu-Rac1-or Raichu-Cdc42-expressing Jurkat T cells adhered to anti-CD43 coated coverslips before fixation or fixed with paraformaldehyde in suspension and cytospun onto a slide before mounting (Fig. 1A, D) . By using FLIM to monitor the FRET changes, we observed a statistically significant increase in Cdc42 activity in response to anti-␤1 integrin after 10, 30, and 120 min of adherence compared to that of anti-CD3 antibody activation (Fig. 1B to D) . Cumulative analyses of four experiments (n ϭ 15 cells) are shown in Fig. 1D . No significant difference in Rac1 activity between anti-␤1 integrin-and anti-CD3-stimulated cells was observed at these time points (Fig. 1D) . A dynamic mathematical model simulating the kinetics of Rho GTPase activation was used to analyze these experimental datasets (see Fig. S2 in the supplemental material).
As an additional control to establish the utility of the GFPRaichu-RFP Cdc42 probe, a Raichu probe containing a Thr 17 -to-Asn (T17N) mutation, known to have a much-reduced affinity for GTP (19) , was expressed in Jurkat cells. WT Raichu-Cdc42 has an ϳ2.4-fold increase in mean FRET efficiency compared to that of T17N Raichu-Cdc42 after 30 min of adherence on anti-␤1 integrin, from 9.1% Ϯ 0.6% to 21.5% Ϯ 1.4% ( Fig. 1 A, D) . This time point was chosen on the basis of the maximum difference between the anti-␤1-and anti-CD3-induced Cdc42 activities observed in Fig. 1D .
Taken together, these results indicate that a higher level of Cdc42 activity can be achieved by ␤1 integrin activation than by CD3 activation in T cells. In contrast, Rac1 activity is increased equally by activation through either ␤1 integrin or CD3.
Receptor-stimulated Cdc42 activity is dependent on ERM activity. Members of the ERM family of proteins play an important regulatory role during IS formation (18, 58) and T-cell activation by aiding the formation of the DPC (15). In our current T-cell model, there appears to be a mechanism that activates Cdc42 differently in accordance with the nature of the receptor (CD3 or integrin). This is supported by two recent findings. Previously, we demonstrated that the localized activation of Cdc42 in breast carcinoma cells is due to the involvement of the activated/phosphorylated form of ezrin in recruiting the Rho/Cdc42-specific GEF Dbl to the membrane as well as the subsequent activation of Cdc42, not Rac1 (53) . Similarly, in lymphocytes, both the C-terminal threonine-phosphorylated form of ERM and the phosphomimetic (T567D) ezrin mutant have been found to coprecipitate with Dbl (31) . These data lead us to postulate that the receptor specificity is achieved through an ERMdependent mechanism. We therefore investigated the role of ezrin in Cdc42 and Rac1 activation.
ERM proteins have two domains separated by an extended alpha-helical domain, namely N-ERMAD (NH2-terminal ERM association domain) and C-ERMAD (COOH-terminal ERM association domain). The activation of ezrin requires the phosphorylation of threonine residue T567 in the C-ERMAD (22) , an effect that can be mimicked by a T567D point mutation. The N-terminal domain of ezrin has a dominant inhibitory effect on ERM activity, which is enhanced by a singleamino-acid substitution (E244K) (53) . WT and mutant ezrin 12G10). An increase in probe activity and, therefore, FRET between GFP and mRFP1 results in the shortening of the fluorescence lifetime () of GFP. The cell images of fluorescence intensity were thresholded to remove the autofluorescent background and areas of the cell that do not have sufficient photon counts for fitting with the exponential models described (50) . The x-z section of a Raichu-Cdc42-expressing cell that has been costained with a membrane dye (1,1Ј-dioctadecyl tetramethyl indodicarbcyanine 4-chlorobenzenesulfonate salt [DiD] ) shows that the Raichu probe is localized predominantly in the membrane (see were VSV-G tagged and overexpressed in Jurkat cells with the Raichu biosensors. The expression of both the WT and T567D forms significantly increased the Cdc42 activity in anti-CD3-stimulated cells (P Ͻ 0.05) to levels close to that achieved by anti-␤1 integrin activation ( Fig. 2A, C) . The dominant inhibition of endogenous ERM activity by E244K N-ERMAD significantly reduced both CD3-and ␤1 integrin-induced Cdc42 activation (P Ͻ 0.005) ( Fig. 2A to C) . However, ␤1 integrininduced Rac1 activation was insensitive to the expression of
Receptor-stimulated Cdc42 activity is dependent on ERM activity. Jurkat cells were transfected with Raichu-Cdc42, either alone or with the indicated ezrin (VSV-G-tagged) construct, and allowed to adhere to anti-CD3 (UCHT1) (A) or anti-␤1 integrin (12G10) (B) antibody-coated coverslips for 30 min at 37°C before fixation. Exogenous ezrin expression was detected by staining (following cell fixation and permeabilization) with a Cy5-conjugated anti-VSV-G IgG. (C) Bar charts represent the cumulative data of three experiments (n ϭ 10 cells error bars Ϯ standard errors of the means). We compared each treatment group to the controls and other groups by one-way analysis of variance (ANOVA). If the ANOVA indicated a significant difference between groups, a pairwise multiple comparison of all means and post hoc testing using Tukey's method were employed to determine significant differences between groups and controls. The table summarizes the P values derived from one-way ANOVA with post hoc statistical analysis ‫,ء(‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.005). Scale bars ϭ 5 m. E244K N-ERMAD and remained high (Fig. 3) . This is consistent with our hypothesis that ezrin is involved in the preferential activation of Cdc42, but not Rac1, via the membrane recruitment of a Cdc42-GEF and Rho-GEF, Dbl (53) . The NPIY motif of ␤1 integrin is important for Cdc42 activation. It has been demonstrated that integrins act upstream of Cdc42 during the directed migration of astrocytes (17) . The molecular basis for ␤1 integrin-induced Cdc42 activation is not well characterized, and this pathway has not, to our knowledge, been demonstrated in T cells. We investigated the ␤1 integrin dependence of Cdc42 and Rac1 activities using the A1 mutant Jurkat T-cell line. This was isolated initially due to its inability to bind fibronectin after phorbol ester dibutyrate treatment and subsequently was found to be ␤1 integrin deficient (56) . We also investigated A1 cells reconstituted with the WT (A1␤1-WT) and a number of cytoplasmic mutants of ␤1 integrin (Fig. 4A) . The relative expression levels for the transfection of various ␤1 integrin constructs in the ␤1-null A1 cells are provided in Fig. 4E . Consistently with the published findings, A1 cells were unable to adhere to anti-␤1 integrin antibodycoated coverslips. We found a significant (P Ͻ 0.005) reduction in FRET efficiency with the Cdc42 Raichu probe in A1␤1-⌬NPIY cells compared to that of A1␤1-WT cells adhered to anti-␤1 integrin antibody-coated coverslips (Fig. 4B ). This demonstrates that the membrane-proximal NPX⌽ motif, containing the talin-binding site in both ␤1 (13) and ␤2 (36) integrins, is important for integrin-mediated Cdc42 activation. Similarly, we observed an inability of anti-CD3 stimulation to trigger Cdc42 activity in ␤1-deficient A1 cells. This was restored in A1␤1-WT, A1␤1-⌬NPKY, and A1␤1-793 cells. Cdc42 activity was not restored in A1␤1-⌬NPIY cells (P Ͻ 0.005), indicating that the same membrane-proximal NPX⌽ motif is important for anti-CD3-stimulated activation (Fig. 4C) .
We have shown that ERM activity is necessary for receptorstimulated Cdc42 activity (Fig. 2) . To determine the involvement of specific ␤1 integrin cytoplasmic domains in Rho GTPase activation, we examined the levels of the phosphorylation/activity of endogenous ERM proteins in the different A1 lines. Both cell lines with impaired Cdc42 responses to ␤1 integrin stimulation, A1 and A1␤1-⌬NPIY cells (Fig. 4B) , also exhibited a reduction in basal C-ERMAD phosphorylation compared to that of A1␤1-WT, A1␤1-⌬NPKY, and A1␤1-793 cells (Fig. 4D) .
Signaling cross-talk exists between LFA-1 and ␤1 integrin in T lymphocytes (52) . We considered whether LFA-1 integrin stimulation can compensate for the lack of ␤1 integrin by eliciting Cdc42 activation in ␤1-deficient A1 cells. We observed a baseline level of FRET when A1 or A1␤1-WT cells were adhered to anti-CD43-coated coverslips as an unstimulated but adhered control (Fig. 5A ). When these cells were spread on a coverslip surface precoated with an anti-CD11a (LFA-1) antibody, a significant (P Ͻ 0.005) increase in FRET efficiency was observed in both the A1 and A1␤1-WT (and A1␤1-⌬NPIY) cells (Fig. 5 ). This increase in FRET efficiency by anti-LFA-1 stimulation indicates that the input to trigger Cdc42 activity is derived from both ␤1 and ␤2 integrins in T cells. The implication of these findings for IS formation is discussed below. SEE-induced Cdc42 activation at the IS with Raji APC. We next examined the significance of our findings in the IS, where multiple receptors may contribute (synergistically or independently) to Rho GTPase activation. We used a T-cell activation model in which contacts between T cells and APC are made in the presence or absence of the SEE superantigen. In the absence of SEE, both A1 and A1␤1-⌬NPIY cells formed only loose contacts with the APC, and the mean FRET efficiency was similar to that observed in WT Jurkat cells transfected with the T17N mutant Raichu-Cdc42 (Fig. 6) . The presentation of the superantigen significantly increased and partially restored the Cdc42 activities in both A1 and A1␤1-⌬NPIY cells (Fig. 6 ). As this activity may be due to the stimulatory effect of CD11a engagement (Fig. 5) , we examined the localization of both ␤1 integrin and LFA-1 in the conjugates. Both were shown to be significantly enriched (but not exclusively localized) at the IS formed by WT Jurkat cells with APC, particularly in the presence of SEE, in agreement with a previous report (39) (Fig. 7B) . Furthermore, the ability of ␤1-deficient Jurkat (A1) cells to form conjugates with APC was reduced by ϳ50% (Fig. 7A) . In A1 cells that did manage to form conjugates with APC, the assembly of an IS was able to proceed (as indicated by LFA-1 recruitment to the contact site). Finally, the blocking of LFA-1 in A1 cell (but not FIG. 7 . Conjugation and integrin accumulation at the IS with Raji APC. (A) Raji cells were labeled with CMTMR orange dye and incubated in the presence or absence of the superantigen SEE. WT or ␤1 integrin-deficient Jurkat (A1) cells were incubated at a 1:1 ratio with CMTMR-stained Raji (red) for 30 min at 37°C. The conjugates were fixed in solution and stained with anti-LFA-1 integrin (green). The graph shows the percentage of WT and A1 conjugates; the percent conjugates is the number of conjugates in a field/total number cells in field for each cell line. The data were collected from three independent experiments (n ϭ 10 fields). Each bar presents the percent conjugates Ϯ standard errors of the means. Asterisks indicate any statistically significant difference between the WT and A1 cells in the presence or absence of superantigen ‫,ء(‬ P Ͻ 0.005). Scale bars ϭ 10 m. (B) Raji cells were labeled with CMTMR and incubated in the presence or absence of the superantigen SEE. WT Jurkat T cells were incubated at a 1:1 ratio with CMTMR-stained Raji (red) for 30 min at 37°C. The conjugates were fixed in solution and stained for ␤1 integrin or LFA-1 and then analyzed by confocal microscopy. The graph shows the manually masked mean fluorescence intensity (MFI) ratio at the membrane only (inside IS/outside IS). The data were collected from three independent experiments (n ϭ 12 cells). Each bar presents the mean fluorescence intensities Ϯ standard errors of the means. ‫,ءء(‬ P Ͻ 0.005 by t test for the difference between ϪSEE and ϩSEE for both integrin subtypes). Scale bar ϭ 5 m. A1␤1-WT cell) conjugates formed in the presence of SEE reduced Cdc42 activity compared to that observed without SEE treatment (Fig. 8) . This indicates that LFA-1 partially compensates for the absence of ␤1 integrins by contributing to Cdc42 activation at the IS.
DISCUSSION
In this report we have documented that, in both CD3-and ␤1 integrin-stimulated cells, Cdc42 activity is dependent on the cyto-2 (NPIY) motif of the ␤1 integrin cytoplasmic domain. Also, both receptors require the phosphorylated/activated ERM to sustain Cdc42 (but not Rac1) activity. This is supported by experiments using a dominant inhibitory ezrin construct and the finding that ERM C-terminal threonine phosphorylation is impaired in cells that are deficient in ␤1 integrin or express the ⌬cyto-2 (NPIY) form of the receptor. This implies that both IS-associated receptors lie on the same (serial) molecular pathway and transduce signals through the ERM-dependent machinery that is responsible for the remodeling of the cytoskeleton and the stabilization of the synapse. Previous reports by us and others suggested that the recruitment of Dbl (a Rho/Cdc42-specific GEF) by activated ezrin is involved in Cdc42 activation (31, 53) . Note that there are cell type-specific differences in the wiring of the regulatory elements (GEFs and GAPs) linking the ERM proteins to the various Rho GTPases. This is clearly illustrated in the demonstration of the signaling of activated ezrin to Rac1, but not to Cdc42 or RhoA, in Madin-Darby canine kidney cells (54) .
Our future research will focus on the identification of the GEF(s) responsible for the integrin-and ERM-dependent activation of Cdc42. There are Ͼ80 GEFs and Ͼ70 GAPs in the genome for regulating the 22 mammalian Rho GTPases (55) . There is, therefore, redundancy and potential for cross-compensation among the different GEFs. Other GEFs probably are implicated in the regulation of Cdc42 activity in our system in addition to Dbl. For instance, PIX␣ has been shown to be required for chemoattractant-mediated Cdc42 (not Rac1) and PAK1 activation in mouse neutrophils (35) . Similarly, previous publications have inferred a role for Cdc42 in PAK activation downstream of a stable trimolecular complex of PAK1, PIX, and the paxillin kinase linker p95PKL. Furthermore, the authors suggested that this Cdc42-and PAK-activating complex is recruited via integrins (29, 51) .
Cdc42 activity is impaired in ␤1 integrin-deficient T cells that form conjugates with APC. However, the use of both ␤1 integrin-deficient A1 and A1 reconstituted with the cyto-2 (NPIY) deletion mutant of ␤1 integrin demonstrates that other molecules, such as LFA-1, can activate Cdc42 and thereby induce the cytoskeletal rearrangements that are necessary for synapse formation (59) . The data here indicate that LFA-1 can partially compensate for the absence of ␤1 integrins via Cdc42 activation at the IS. These results are consistent with other reports on the various lipid raft-dependent (34) and cytoskeleton-dependent (33) cross-compensatory activities between ␤1 (␣4␤1 and ␣4␤1) and ␤2 integrins.
There are technical difficulties associated with imaging T cells that are triggered by APC within the context of an antigen-dependent synapse or by an APC-mimicking stimulatory substrate. There is a significant time delay between the onset of cell-cell contact and paraformaldehyde fixation. There is also a delay between the initial few minutes of cell adhesion onto substrate and the stage at which the Raichu activities can be observed in cells that are in stable contact with the antibodycoated glass surface. According to the simulation in Fig. S2C in the supplemental material, regardless of the initial GEF concentration, the theoretical time to achieve a maximum degree of Cdc42 activation in response to a specific stimulus is ϳ12 s. This is incompatible with our experiments, making it impossible to resolve the rate of the initial rise of the FRET population F 2 . It is interesting that the time to equilibrium (10 to 15 s) is similar to that obtained from another modeling study of the activation dynamics of the heterotrimeric G proteins (37) . Despite using multiphoton excitation, which vastly improved the z resolution (14, 30) , the FRET population (GTP-Cdc42) (Fig.  6) was not localized exclusively to the synapse site, even in the WT Jurkat cells. It is likely that different subpopulations of the GTPases are involved in an ongoing surveillance function through, for example, the actin-rich forward-probing membrane structures (15) that are around, but separate from, the site of synapse with the APC. The alternative possibility is that the GTP-Cdc42 species diffuses rapidly from the synapse site.
We observed a small decrease in the FRET population (see Fig. S2 in the supplemental material) over time for the anti-CD3-stimulated T cells. This may represent the dissociation of the GEF from the site of activation. Since anti-CD3 stimulation has been shown to induce ERM dephosphorylation in T cells (18) , this may contribute to the time-dependent dissociation of GEF. A previous model consisting of Jurkat cells adhering to a stimulatory substrate (a glass surface precoated with stimulatory antibodies) has shown a direct correlation between the polarization of the microtubule-organizing center toward the APC-mimicking stimulatory substrate and a redistribution of the TcR to the bottom of the cell attached to the substrate (3). Since Cdc42 is linked through its downstream effectors to microtubule-organizing center polarization (6), the difference in the rate of decrease of Cdc42-GTP (k off ) according to the nature of the receptor engaged may exert feedback on the recruitment of the antigen receptor to the cell-substratum interface. This contributes to a more-rapid signal termination process following CD3 stimulation compared to that for ␤1 integrin.
␤1 integrin engagement has been shown to activate Cdc42 in astrocytes (17) , but the mechanisms involved have not been demonstrated. ␤1 integrins have been shown to cofractionate with ezrin upon PKC activation (42) . The observed correlation between cyto-2 deletion and the ERM C-terminal threonine phosphorylation state provides a novel mechanism that links ␤1 integrin to Cdc42 activation. But how does the deletion of the cyto-2 (NPIY) motif affect ␤1 integrin-induced Rho GTPase activation? The binding of talin to integrin disrupts an intracellular salt bridge between the ␣ and ␤ subunits, leading to increased integrin affinity for ligand. Integrin binding to talin has been shown to correlate with its ability to induce FAK phosphorylation (11) . Both the phosphatidylinositol 4Ј-phosphate-5Ј-kinase (PIPK) and the NPIY motif of ␤1 integrin bind to the same surface of the talin FERM (band 4.1, ERM) domain (9) . Therefore, the increased production of phosphatidylinositol 4,5-biphosphate (PIP2) by the PIPK recruited by the integrin-talin complex may be responsible for the confor-mational activation of ERM proteins and consequently the binding of PIP2 to the FERM domain of ERM (20) . ␤2 integrins have been shown to recruit RhoA in Cos-7 cells during phagocytosis (61) . Residues 758 to 760 (TTT), situated between the two NPX⌽ motifs in ␤2 integrin (similar VT  792 T   793 residues are conserved in ␤1 integrin), are required for this function. ␤1 integrins also can modulate the activity of Rho GTPases such as RhoA via p190RhoGAP (4). Future work focusing on the effect of ␤1 integrin signaling on GAP proteins that are specific to Cdc42 will enable us to further refine the mechanistic model and thereby provide new insights into the regulation of the Rho GTPase cycling network.
